ABSTRACT: Color vision is found in many invertebrate and vertebrate species. It is the ability to discriminate objects based on the wavelength of emitted light independent of intensity. As it requires the comparison of at least two photoreceptor types with different spectral sensitivities, this process is often mediated by a mosaic made of several photoreceptor types. In this review, we summarize the current knowledge about the formation of retinal mosaics and the regulation of photopigment (opsin) expression in the fly, mouse, and human retina. Despite distinct evolutionary origins, as well as major differences in morphology and phototransduction machineries, there are significant similarities in the stepwise cell-fate decisions that lead from progenitor cells to terminally differentiated photoreceptors that express a particular opsin. Common themes include (i) the use of binary transcriptional switches that distinguish classes of photoreceptors, (ii) the use of gradients of signaling molecules for regional specializations, (iii) stochastic choices that pattern the retina, and (iv) the use of permissive factors with multiple roles in different photoreceptor types. '
INTRODUCTION
Visual processing begins in photoreceptors (PRs) with the conversion of photon energy into an electrical signal that is transmitted to the brain. This signal transduction process is mediated by photopigments and the phototransduction machinery that are located in specialized subcellular compartments (Hardie and Raghu, 2001 ). Based on their morphology and characteristic molecular components, two main types of PRs can be distinguished [ Fig. 1(A) ]. Rhabdomeric PRs with tightly packed microvilli are exemplified by the Drosophila PRs and mainly found in protostome invertebrates. The deuterostome lineage typically uses ciliary PRs that have a modified cilium from which stacks of membranous discs emerge (Arendt, 2003; Yau and Hardie, 2009) . The discovery that the marine ragworm Platynereis has both, rhabdomeric PRs in the eyes and ciliary PRs in the brain, suggests that a common ancestor of the protostome and deuterostome lineages probably had both types (Arendt et al., 2004) . This view received additional support from the discovery that a subset of retinal ganglion cells in the mammalian retina expresses a rhabdomeric-type opsin, melanopsin, and appears to use a rhabdomeric phototransduction cascade (Graham et al., 2008; Bailes and Lucas, 2010; Do and Yau, 2010) . This suggests that the mammalian retina has both ciliary-type and rhabdomeric-type PRs.
Rhabdomeric and ciliary PRs contain light-sensitive photopigments that consist of an opsin protein, which is covalently linked by a lysine residue to a vitamin A-derived chromophore (retinal or 2-dehydroretinal in vertebrates, 3-hydroxyretinal in flies (Hardie, 2001) ). As retinal is found in all photopigments and responds maximally to UV light, additional spectral tuning renders opsins sensitive to specific wavelengths. This is achieved by the interaction of retinal with particular amino acid residues in each opsin. Changing these critical amino acids can shift the absorption properties of an opsin (Salcedo et al., 2009) .
In both rhabdomeric and ciliary PRs, photon absorption causes a cis-trans isomerization of retinal. This induces a conformational change of the opsin protein that activates an associated G protein cascade (G q in invertebrates, G t in vertebrates). This ultimately leads to opening (invertebrates) or closing (vertebrates) of cation channels and changes in the membrane potential of the PR: Light depolarizes invertebrate rhabdomeric PRs as well as \melanopsin ganglion cells" (Graham et al., 2008) , whereas it hyperpolarizes vertebrate ciliary PRs. Phototransduction, especially in flies, is one of the fastest known signal transduction cascades (Hardie, 2001) . It provides high sensitivity due to remarkable signal amplification that allows the detection of single photons (Fain et al., 2010 ) with a very broad dynamic range (approximately seven orders of magnitude in human rods (Arshavsky, 2003) ).
Despite the obvious morphological differences between vertebrate single lens eyes and insect compound eyes (Erclik et al., 2009) , the arrangement of multiple PR subtypes in beautiful spatial mosaics is similar [ Fig. 1(B) ]. Photoreception by these PR arrays represents the first processing step for a number of vital visual functions including image formation, motion detection, and color vision, the ability to distinguish objects based on their wavelength composition and independent of light intensity. The retina also mediates \non-image" functions like circadian entrainment and pupillary reflexes. In this review, we focus on the expression of opsins in defined subtypes of PRs that underlies color vision.
PHOTORECEPTOR TYPES AND OPSIN EXPRESSION IN THE FLY, MOUSE, AND HUMAN RETINA
Color vision requires the presence of at least two PR subtypes with different wavelength sensitivity and a neuronal circuit for the comparison of their outputs to extract chromatic information (Pichaud et al., 1999; Conway, 2009) . First, we describe the different PR subtypes that are found in the fly, mouse, and human retina. Then, we present an overview of the regulatory mechanisms and key factors that guide their development. Finally, we highlight similarities and differences between the three species.
Flies Have Two Main Photoreceptor Types (R1-6, R7/8) That Express Different rhodopsins
The compound eye of the fly consists of about 750 single unit eyes (ommatidia) that contain eight different rhabdomeric PRs, which fall into two main types: The six \outer" PRs R1-6 form a trapezoid and the two \inner" R7/8 PRs are positioned in its center [ Fig. 2(A) ]. R1-6 and R7/8 differ from each other in anatomical features as well as functional aspects (Heisenberg and Wolf, 1984; Hardie, 1985; Fischbach Light is absorbed by specialized photoreceptor compartments (red), called rhabdomeres in invertebrates and discs in vertebrates. Adapted from (Arshavsky, 2003) with permission from AAAS. (B) Stochastic (fly, human) or highly organized (fish) opsin expression in retinal mosaics. The fly R8 photoreceptors express either the short wavelength Rh5 (blue) or the medium wavelength sensitive Rh6 (green). Humans have three types of cones for short (blue), medium (green) and long wavelengths (red). Adapted from (Roorda and Williams, 1999) . The zebrafish retina differs from the previous two mosaics, as it has a precisely arranged distribution of cones (UV and blue; adapted from (Allison et al., 2010) ).
and Dittrich, 1989). R1-6 PRs have large-diameter rhabdomeres that express the broad-spectrum, bluegreen-sensitive Rhodopsin, Rh1 (O'Tousa et al., 1985 (O'Tousa et al., , 1989 Zuker et al., 1985; Huber et al., 1990 ). An additional UV-sensitizing pigment expands their photon absorption to the UV (Kirschfeld and Franceschini, 1977; Minke and Kirschfeld, 1979; Stavenga, 2004) . R1-6 PRs are characterized by high sensitivity even at low light levels. They feed into four postsynaptic pathways in the first-order neuropil of the optic lobe, the lamina, which extract information about directional motion and the position of objects (Heisenberg and Buchner, 1977; Rister et al., 2007; Yamaguchi et al., 2008) .
The \inner" PRs are arranged in tandem, with R7 being more distal and on top of R8. R7/8 have smaller rhabdomere diameters than R1-6 and project to two different layers of the second neuropil, the medulla (Fischbach and Dittrich, 1989; Morante and Desplan, 2008) . In contrast to R1-6 PRs that have high sensitivity at low light levels (Heisenberg and Buchner, 1977) , R7/8 only operate at higher light intensities. They mediate phototaxis, color vision, and the detection of the vector of polarized light (Menne and Spatz, 1977; Wernet et al., 2003; Gao et al., 2008; Yamaguchi et al., 2010) .
The fly retina has two main ommatidial subtypes called \pale" (p) and \yellow" (y) in which R7/8 express distinct combinations of four rhodopsins [ Fig. 2(B) ; Rh3 or Rh4 in R7, Rh5, or Rh6 in R8]. In p ommatidia, R7 expresses UV-sensitive Rh3, while the underlying R8 contains blue-sensitive Rh5 [ Fig.  2(B) ]. In the remaining y ommatidia, R7 has Rh4 that is sensitive to longer UV-wavelengths and R8 contains the green-sensitive Rh6. Functionally, the p and y subtypes are involved in discriminating either short (p) or longer (y) wavelengths (Gao et al., 2008; Yamaguchi et al., 2010) . They are stochastically distributed in a 30:70 ratio (Chou et al., 1996; Papatsenko et al., 1997; Chou et al., 1999 ) that is conserved even in evolutionarily distant (>120 million years) species like the blowfly Calliphora and the housefly Musca (Kirschfeld and Franceschini, 1977; Schmitt et al., 2005) .
Two additional subtypes of ommatidia were discovered in the dorsal part of the eye. First, in \dorsal y" ommatidia that span the dorsal third of the retina, Rh3 is coexpressed with Rh4 in yR7; the corresponding yR8 cells maintain Rh6 expression [ Fig. 3(A) ] (Mazzoni et al., 2008) . The coexpression of Rh3 and Rh4 is surprising, as the choice for the expression of a particular receptor protein usually leads to the exclusion of all others to prevent sensory confusion (Mazzoni et al., 2004; Serizawa et al., 2004) . The functional relevance of the regional specialization in dorsal y ommatidia is unclear, but it probably allows the fly to detect a broader UV range in R7s and to compare it with the long wavelengths detected by Rh6 in R8. This may facilitate the discrimination of solar versus nonsolar skylight for navigation (Stavenga and Arikawa, 2008) .
Second, dorsal rim area (DRA) ommatidia are found in the dorsal-most one to two rows of ommatidia. They have significantly larger rhabdomeres with orthogonally oriented microvilli in R7 and R8. They both express rh3 and are therefore monochromatic (Fortini and Rubin, 1991; Wernet et al., 2003) . This configuration serves the detection of the vector of polarized light, which is used for navigation (Labhart and Meyer, 1999) . Taken together, the fly retina contains four types of ommatidia (with the respective R7/8 opsins): pale (Rh3/Rh5), yellow (Rh4/Rh6), dorsal yellow (Rh3+Rh4/Rh6), and DRA (Rh3/Rh3). 
Rods and Cones in the Mammalian Retina
Mammalian eyes have two types of ciliary PRs, rods and cones (Nathans, 1989; Kolb, 2003; Swaroop et al., 2010) , whose function is reminiscent of \outer" R1-6 and \inner" R7/8 in flies, respectively. Rods, like R1-6, have high sensitivity and are involved in dim light vision. They express rod opsin (rhodopsin) with a broad spectral sensitivity centered about 500 nm. In addition, most mammals have two types of cone PRs that express opsins that allow wavelength discrimination under bright light conditions. A third type of photosensitive cells, the retinal ganglion cells that express the rhabdomeric melanopsin, are involved in circadian entrainment as well as the regulation of pupillary reflexes, and are able to convey information about ambient light intensity (Brown et al., 2010; Do and Yau, 2010) .
Mammals typically have a dichromatic color vision system. For instance, mice are nocturnal dichromats with a relatively simple retinal mosaic (Jacobs, 1993; Neitz and Neitz, 2001 ). Rod opsin is expressed in 97% of PRs while the two cone opsins, one UV/blue-sensitive (S) and one greensensitive (M), are expressed in the remaining 3% (Szel et al., 1993; Rohlich et al., 1994) . Immunohistochemical and electrophysiological studies revealed that M expression follows a dorsoventral gradient and that there is widespread coexpression with S opsin (Rohlich et al., 1994; Applebury et al., 2000; Nikonov et al., 2006) . Depending on their relative amounts and whether either S or M dominates the spectral sensitivity of a given cone, two main domains can be distinguished (Szel et al., 1992; Haverkamp et al., 2005; Nikonov et al., 2006) . In the dorsal third of the eye, the cone cell types predominantly express either S (3%-5%) or high levels of M pigment [ Fig. 3(B) ]. In the ventral two thirds, almost all cones express S opsin, which appears to be the only opsin in a few of them (genuine S cones), while the majority coexpresses modest to low levels of M opsin (Applebury et al., 2000; Haverkamp et al., 2005; Nikonov et al., 2006) . This coexpression of S and M opsins resembles the coexpression of opsins in the dorsal fly eye (see above); it has the same advantage of broadening the absorption range, but it also compromises color vision. Despite this problem, several lines of evidence suggest that mice are able to extract chromatic information and this is probably mediated by the genuine S or M cones mentioned above. Behavioral experiments revealed that mice are able to discriminate dichromatic stimuli independent of intensity (Jacobs et al., 2004) and recordings from ganglion cells detected spectrally opponent responses (Ekesten et al., 2000) . Moreover, it has been shown that that genuine S cone cells in the ventral retina are connected to specialized \blue cone bipolar cells" (Haverkamp et al., 2005) . The function of widespread S/M opsin coexpression remains unclear.
Humans, and other primates that are diurnal, have three cone opsins , one S (maximal absorption: 430 nm) and two highly homologous M (530 nm) and L (560 nm) opsins that originated from a gene duplication specific to the primate lineage (Nathans, 1999) . The density of M and L cones is highest in a central area known as fovea that mediates high acuity spatial and color vision. L/M cones outnumber the regularly arranged S cones by 10-fold (Marc and Sperling, 1977) . The human cone mosaic differs from the mouse retina not only in the additional L opsin and the specialization of the fovea, but also in that it doesn't exhibit widespread S/M opsin coexpression: Only a small number of cones coexpressing S and L/M was found in the adult human retina (Xiao and Hendrickson, 2000) . However, during development there is a population of human cones that transiently coexpresses S and L/M (Cornish et al., 2004) , and after the decision for either L or M is made, S appears to become switched off. 
PHOTORECEPTOR CELL FATE DECISIONS AND THE MECHANISMS THAT REGULATE OPSIN EXPRESSION IN FLIES AND MAMMALS
In the next section, we summarize how retinal mosaics are generated by consecutive cell fate decisions. We also discuss the mechanisms that underlie the stochastic and mutually exclusive expression of opsins.
OPSIN EXPRESSION IN FLIES
Binary Cell Fate Decisions Distinguish R1-6 from R7/8 and R7 from R8 Photoreceptors in the Fly Retina
In the Drosophila eye, terminal PR differentiation begins with the distinction between 'outer' and 'inner' PRs (Fig. 4A) by the spalt gene complex. It encodes two zinc finger transcription factors (TF) that are expressed in R7 and R8 throughout development and play essential roles in their terminal differentiation (Mollereau et al., 2001; Domingos et al., 2004) : spalt mutant R7/8 PRs have enlarged, outer PR-like rhabdomeres that also express Rh1 instead of R7/8 opsins (Fig. 4A) . In R8, spalt is required for pupal expression of the zinc finger TF Senseless (Sens) (Frankfort et al., 2001 ) that promotes R8 features such as proximal cell bodies and rhabdomeres as well as R8 opsin expression (Domingos et al., 2004; Xie et al., 2007) . Sens also negatively regulates R7 characteristics, for instance by repressing R7 opsins (Xie et al., 2007) .
In R7, spalt is required for the expression of several early R7 markers (Domingos et al., 2004) including the homeodomain TF Prospero (Pros) that promotes R7 fate and represses R8 features together with the nuclear factor subunit NFY-C, which prevents Sens expression (Morey et al., 2008) . Repression of R8 opsins in R7 is presumably mediated by direct binding of Pros to the rh5 and rh6 promoters . Pros mutant PRs are not completely transformed into R8 PRs, but display intermediate characteristics such as expression of Rh5 and Rh6 along with Rh4.
Stochastic and Deterministic Cell Fate Decisions in Fly PRs Give Rise to Different Ommatidial Subtypes
Differential Rh expression in the two types of ommatidia is established by a three-step process (see Fig. 5 ). First, about 70% of R7 cells stochastically express the TF Spineless that induces yR7 fate and rh4 expression (Wernet et al., 2006) . The remaining R7s that do not express Spineless become pR7 and express rh3. Second, pR7 cells send a signal of unknown identity to the underlying R8, inducing pR8 fate and rh5 expression (Chou et al., 1996; Papatsenko et al., 1997) . Third, the p/y fate choice is consolidated in R8 by a doublenegative feedback loop that involves the tumor suppressor warts and the growth regulator melted (see Fig. 5 ), which repress each other (Mikeladze-Dvali et al., 2005 ). Melted appears to receive the signal from pR7 and is necessary and sufficient for inducing pR8 by repressing warts. In yR8s that did not receive the signal, warts represses melted as well as rh5, and promotes Rh6 expression.
The terminal PR fate decisions described above are initiated by an unknown mechanism that regulates stochastic spineless expression, but there are also positional cues that guide the formation of two specialized types of ommatidia (DRA and dorsal y) in the dorsal eye region. DRA R7/8 PRs are specified by a combination of a graded signal mediated by the morphogen Wingless (Wg) that is secreted from the surrounding head cuticle, and an intrinsic signal from the dorsally expressed Iroquois complex (Iro-C) genes (Tomlinson, 2003; Wernet et al., 2003) . Wg and Iro-C induce the expression of the homeodomain TF Homothorax (Hth) specifically in DRA R7/8 where it is necessary and sufficient for expression of rh3 in both R7 and R8 . DRA R8 PRs do not express Sens, which would repress rh3 as it does in non-DRA R8 PRs (Xie et al., 2007) . Iro-C genes are also necessary for the co-expression of rh3 with rh4 in y R7 PRs in the dorsal third of the eye (Mazzoni et al., 2008) .
Permissive Factors That are Expressed in all Fly Photoreceptors are Involved in Activation of Particular rhodopsins
The analysis of the rhodopsin promoters led to the discovery that TFs that are expressed in all fly PRs may directly regulate specific p or y rhodopsins. For instance, the promoters of rh3, rh5 and rh6 containbinding sites for the homeodomain TF Orthodenticle (Otd) (Vandendries et al., 1996) . Removal of Otd function affects rhabdomere morphogenesis, causes loss of Rh3 and Rh5 (Fig. 4A) as well as derepression of Rh6 in R1-6 (Tahayato et al., 2003) . It is unclear how Otd can act in opposite ways in different subsets of PRs while being present in all PRs. One possible scenario is that this involves unidentified, subset specific cofactors, as was reported for other homedomain TFs (Wilson and Desplan, 1995; Mann et al., 2009) .
A key motif that is found in all rhodopsin promoters and is required for their general activation is the rhodopsin core sequence I (RCSI) (Mismer et al., 1988; Fortini and Rubin, 1990; Papatsenko et al., 2001) . The RCSI motif alone is not sufficient for expression in specific PR subtypes, but oligomerized RCSI sites drive expression of a reporter in all PRs Papatsenko et al., 2001) . Two TFs have been identified that can bind the RCSI in vitro: The homeodomain TF Eyeless/Pax6 , the master regulator in both invertebrate and vertebrate eye development (Halder et al., 1995; Pichaud et al., 2001) , and the homeodomain TF Pph13 (Mishra et al., 2010; S. G. Sprecher, pers. comm.). It is therefore possible that the RCSI sequences of different rhodopsins are recognized by several factors, including Pax6 and Pph13.
OPSIN EXPRESSION IN MAMMALS Binary Cell Fate Decisions Distinguish Rods from Cones in the Mammalian Retina
In flies, the Spalt complex distinguishes R7/8 PRs that are involved in color vision from R1-6 PRs that are achromatic and provide sensitivity at low light intensities (Mollereau et al., 2001) . A comparable switch is made in the mammalian retina (Fig. 4B) by the neural leucine zipper TF Nrl Oh et al., 2007) . Nrl is expressed in developing and mature rods where it promotes rod fate and suppresses cone fate . Nrl mutant retinas have no rods, but only cone-like PRs with disorganized outer segments that slowly degenerate (Bessant et al., 1999; Mears et al., 2001; Daniele et al., 2005) . Mutations in the human Nrl gene lead to autosomal dominant retinitis pigmentosa, a degeneration of rods, which is followed by secondary, non-cell autonomous degeneration of cones (DeAngelis et al., 2002) .
Nrl is required for expression of the PR-specific orphan nuclear receptor Nr2e3 that primarily represses cone genes in rods, but also coactivates rod phototransduction genes (Cheng et al., 2004) . Nr2e3 thereby ensures the commitment to rod fate (Cheng et al., 2004; Chen et al., 2005; Cheng et al., 2006) . Retinal degeneration 7 (rd7) mice, which carry a mutation in Nr2e3, show a slow retinal degeneration (Akhmedov et al., 2000) . Mutation of NR2E3 in humans also causes late-onset retinal degeneration, but, in addition, exhibits an enhanced S cone syndrome (ESCS) (Haider et al., 2000; Milam et al., 2002; Wright et al., 2004; Corbo and Cepko, 2005) . ESCS is characterized by night blindness due to the loss of rods and an increased sensitivity towards short wavelengths due to an increase in S cones (Haider et al., 2000) . 'Rods' in the Nr2e3 mutant retina are hybrid PRs, as they coexpress both rod and cone specific genes Corbo and Cepko, 2005) . In the absence of Nr2e3, Nrl is still able to prevent cone development to some extent and the transformation of rods into cones appears more severe in Nrl mutants than in Nr2e3 mutants. This suggests that another unknown repressor downstream of Nrl is involved in mediating Nrl function Corbo and Cepko, 2005; Corbo et al., 2007; Oh et al., 2008) . Moreover, overexpression of Nrl, but not of Nr2e3, is sufficient to induce rod fate (Cheng et al., 2006; Oh et al., 2007) .
A recent publication identified the retinoid-related orphan nuclear receptor RORb as an upstream activator of the Nrl/Nr2e3 pathway (Jia et al., 2009) . Rorb mutant mice lose Nrl expression and lack rods; they also show an excess of non-functional S cone-like PRs, indicating that cone fate may be the default state, which is switched to rod fate by the Rorb/Nrl/ Nr2e3 pathway (Fig. 4B ). In line with Rorb being epistatic to Nrl, ectopic expression of Nrl in a Rorb mutant background reprograms these abnormal cones into rod-like cells (Jia et al., 2009 ).
Cell Fate Decisions in Mammalian PRs Distinguish Short from Medium Wavelength Sensitive Cones
After a developing PR is committed to the cone fate by the absence of Nrl, how are S and M subtypes distinguished from each other? It was suggested that all cones are initially of the S type while the M fate is an induced state (Cepko, 2000; Ng et al., 2001) . M opsin expression requires the thyroid hormone receptor TRb2 (Fig. 4B) , a ligand-regulated TF that is expressed in cones (Ng et al., 2001; Harpavat and Cepko, 2003; Applebury et al., 2007; Ng et al., 2009 ). In TRb2-deficient mice, cone cells develop, but they all express S opsin. TRb2 therefore mediates the switch from S to M cone fate and inhibits S opsin expression (Ng et al., 2001 ), possibly as a heterodimer with the retinoic acid receptor RXRc (Roberts et al., 2005) . It is not clear, however, whether it acts directly or indirectly on the opsin promoters and the source of thyroid hormone is also unknown.
A major question is how the complex expression pattern of cone opsins in the mouse retina (Fig. 3B) is developmentally regulated. It is known that the nuclear receptor, RORb, activates S opsin expression (Srinivas et al., 2006) . As mentioned above, however, RORb has an earlier function as a major switch to rod fate and its mutation leads to an excess of S-cone like PRs (see above). This suggests that interactions with rod and cone specific cofactors are required to explain this dual regulatory role (Jia et al., 2009) . It is tempting to speculate that the two nuclear receptors, TRb2 and RORb also play a role in establishing the dorso-ventral M opsin gradient in the mouse eye. However, they are expressed uniformly across the retina and might therefore require gradients of their ligands. Their precise mechanism of action still needs to be resolved. A recent study suggested that dorsal suppression of S opsin is mediated by transient bone morphogenetic protein (BMP) signaling, which acts through the two orphan nuclear receptors COUP-TF I and II. In the ventral eye, only COUP-TF I acts to inhibit M opsin expression (Satoh et al., 2009) . It remains to be determined how BMP is linked to the two COUP-TFs, how COUP-TF II activity is restricted to part of the retina and how COUP-TF I can specifically inhibit S or M opsin despite being expressed both dorsally and ventrally (Satoh et al., 2009 ).
The Permissive Factor Crx is Expressed in all Mammalian Photoreceptors and Provides General Activation of Opsins
The 'cone rod homeobox' protein Crx belongs, like its fly ortholog Otd, to the Crx/Otx family of K 50 homeodomain TFs that are characterized by a lysine at position 50 of their DNA binding domain. Crx is expressed in both rod and cone PRs with a critical function in PR differentiation and outer segment morphogenesis Furukawa et al., 1997; Swain et al., 1997) . Crx mutations lead to a variety of retinopathies in humans including cone rod dystrophy and Leber's congenital amaurosis (Freund et al., 1997) , as well as retinopathy in mice (Furukawa et al., 1999) . Microarray analysis in fly and mouse retina (Livesey et al., 2000; Hsiau et al., 2007; Ranade et al., 2008) suggest that Otd/Crx controls the expression of opsins and other components of the phototransduction cascade, as well as PR morphogenesis, by binding to the consensus site TAATCC Tahayato et al., 2003; Lee et al., 2010 ). The precise mechanism of Crx-mediated activation is unclear, but there is evidence based on in vitro and ChIP assays that Crx mediates chromatin remodeling via recruitment of coactivators that have histone-acetyltransferase activity (Peng and Chen, 2007) . Crx, like Otd, is expressed in all PRs and appears to provide general activation of opsins. For instance, it activates S opsin expression in a synergistic manner with RORb (Srinivas et al., 2006) . In cotransfection studies, as well as in electroporated rod PRs in ex vivo retinas, Crx also positively regulates rod opsin promoters synergistically with Nrl Mitton et al., 2000; Whitaker and Knox, 2004; Hsiau et al., 2007) , emphasizing its suggested role as a general activator.
Stochastic M vs L Cone Fate Decisions in the Primate Retina
Two different mechanisms control trichromatic color vision in primates (see Fig. 6 ) (Jacobs, 2008; Jacobs, 2009) . The first one is found in some new world (Central and South American) primates like squirrel monkeys. These have different alleles of an X-linked L/M opsin that are tuned differently to long (L) and medium (M) wavelengths, in addition to an S opsin. In a given population, heterozygous females that carry two different L/M alleles on their X-chromosomes have trichromatic color vision (Fig. 6A) as stochastic X-chromosomal inactivation generates a retinal mosaic that shows random expression of one (M) or the other (L) allele in a given cone. In contrast, homozygous females that have two copies of the same allele or hemizygous males (that can only have one allele) are dichromats. The second mechanism evolved in old world monkeys through duplication of the X-linked L/M gene and different spectral tuning of the two copies, one to L and the other to M wavelengths (Jacobs, 2009) . This mechanism renders all males as well as females trichromats. In humans, the L and M opsin genes are arranged in tandem on the X-chromosome (Fig. 6B) . Three consecutive steps give rise to a stochastic opsin distribution: First, a decision to either express S or L/ M opsin is made in a given cone. Second, X-chromosomal inactivation results in only one X chromosome being active in females (males have only one X-chromosome). Third, on this active X chromosome, a single upstream locus control region (LCR) (Wang et al., 1992; Smallwood et al., 2002) can only activate one of the two opsin genes, either L or M. In other words, this mechanism ensures a stochastic, cell-autonomous choice between the two opsins. Females, who carry two different alleles of their M or L opsin gene on each of their X chromosomes may achieve tetrachromacy when X inactivation allows expression of each allele in different subsets of PRs (Conway, 2009 ).
Mechanistic Similarities in Primate and Fish Retina
A LCR mechanism analogous to the one that controls L/M opsin expression in the human retina (see above) is involved in opsin expression in the zebrafish retinal mosaic. However, it differs significantly from the human and fly retina in that it has a remarkably precise and non-random spatial arrangement of different cone types (Fig. 1B) . Zebrafish have nine opsin genes, four of which encode green-sensitive opsins (RH2-1 to RH2-4) that are arranged in tandem similar to the human L/M opsins. A 500bp upstream LCR is both necessary and sufficient for their expression (Tsujimura et al., 2007) . Therefore, both the human and zebrafish retina use an upstream LCR to ensure mutually exclusive expression of duplicated opsin genes. The mechanisms that lead to mutually exclusive, yet highly organized and repetitive patterns of the four types of fish opsins (red, green, blue and UV), remain to be identified.
COMPARISON OF THE DEVELOPMENTAL MECHANISMS IN INVERTEBRATE AND VERTEBRATE RETINAL MOSAICS
Common design principles of the vertebrate and invertebrate brain circuitry downstream of the PRs as well as shared genetic pathways in eye morphogenesis have been recently reviewed (Charlton-Perkins and Cook, 2010; Sanes and Zipursky, 2010) . Are there also mechanistic similarities in the terminal differentiation events that lead to the PR mosaics? For one, both systems develop from generic progenitors that are restricted in their cell fate in a stepwise manner by a combinatorial code of TFs (Cook and Desplan, 2001; Wernet and Desplan, 2004; Swaroop et al., 2010) . Genetic analysis revealed that both involve regulators that act as major cell-fate switches. In this respect, it stands out that two TFs of the same family, mouse Crx and Drosophila Otd, are used in a very similar way as permissive general activators of many terminal PR specific differentiation genes, including opsins. Additionally, they are required for proper outer segment and rhabdomere morphogenesis, respectively. However, Otd mutant rhabdomeres are abnormally shaped, but do not completely degenerate like outer segments in Crx mutant mice. This is because in flies, a partially redundant pathway of rhabdomere morphogenesis is mediated by Pph13 (Mishra et al., 2010) and, in fact, double mutation of Otd and Pph13 resembles the Crx mutant phenotype in mice (Mishra et al., 2010) . Another difference is that the role of Otd in opsin regulation appears more specific, as it is required only for expression of rh3 and rh5 in the pale ommatidial subset and repression of rh6 in R1-6, whereas other opsins (rh1, rh4) are unaffected by loss of Otd.
The basic principles of sequential PR specification are also preserved from flies to mice. For instance, the rod-specific TF Nrl promotes rod fate and suppresses cone fate. A similar switch occurs in flies with the Spalt genes that are only expressed in R7 and R8: They prevent R1-6 ('rod'-like) fate and lead to a generic R7/8 ('cone'-like) fate that is then refined by the TFs Pros (R7) or Sens (R8). Spalt mutant PRs are not completely transformed into R1-6, as they still project to the R7/8 target layers in the optic lobes (Mollereau et al., 2001) . They therefore have characteristics of both PR types. Moreover, pros mutant R7 PRs that derepress R8 opsins are not completely transformed into R8 PRs, as they lack the R8 marker Sens and retain some R7 features like Rh4 expression . These two examples of mixed PR identity in selector gene mutants resemble the Nr2e3 mutant retina that has rod-cone hybrid PRs that coexpress rod and cone specific genes and have an intermediate anatomy Corbo and Cepko, 2005) . As many factors involved in the terminal differentiation programs that promote a particular fate and exclude others are yet to be discovered (especially in vertebrates), future research will show how common the concept of dual switches is for the generation of retinal mosaics. Examples of mutant PRs that are hybrids of different cell types as well as the existence of transient opsin coexpression in humans during development suggest that the programs may not always follow simple binary paths and that the picture could turn out to be more complex.
Another conserved mechanism is the use of gradients of signaling molecules that are best known for their role in anterior/posterior and dorsal/ventral patterning (Tabata and Takei, 2004) . In the fly, the morphogen Wingless (the ortholog of Wnt-1) is required for terminal differentiation of the specialized dorsal ommatidial subtype (DRA) while a regionalized expression of IroC genes directs the formation of yR7 that co-express rh3 and rh4 in the dorsal third of the retina. A similar dorso-ventral gradient is found in the mouse retina that affects the distribution of M opsin, although this involves different factors (TRb2, RORb and COUP TFs) and uses thyroid hormone and BMP rather than Wnt signaling. Nevertheless, it would be interesting to know what kind of signaling mediates the coexpression of opsins in mouse PRs. In general, the prominent use of nuclear receptors in the mammalian retina is striking and it remains an open question whether they also play a role in the adult fly eye. So far, the best studied example for a nuclear factor acting in fly eye development is the orphan receptor Seven-up that acts in early fate specification of a subset of R1-6 PRs (Mlodzik et al., 1992; Miller et al., 2008) ; as well as in promoting Rh6 expression in the larval eye (Sprecher et al., 2007) .
Stochastic cell-fate decisions as observed in the patterning of fly and human retinal mosaics (Fig. 1B) have also been reported in other developmental contexts (Losick and Desplan, 2008; Johnston and Desplan, 2010) . It would therefore be important to gain a better understanding of their mechanistic requirements. X-chromosomal inactivation is not found in flies and a LCR mechanism is unlikely to account for the opsin distribution in Drosophila, as the rhodopsin genes are not clustered as L/M opsin in humans or green opsin in zebrafish. R7 opsins appear to be randomly distributed and nearest-neighbor evaluation showed that there is no cross talk between ommatidia (Bell et al., 2007) . However, as there is a preference for having more of the long wavelength sensitive y ommatidia (70%), this requires some kind of biased mechanism. It is not known how the stochastic expression of Spineless is achieved in flies and how it controls the 30:70 ratio of ommatidial subtypes.
The origin and function of the L/M opsin distribution in humans is also not fully understood. One model suggests that it depends on the strength of the L and M promoters in competing for the association with the LCR, or on the distance between the LCR and the L or M promoters (Smallwood et al., 2002) . The L/M ratio appears to be quite variable between individuals, as recent in vivo high resolution imaging studies found a broad range of distribution, from 1:1 to 17:1 (Roorda and Williams, 1999; Hofer et al., 2005) . Moreover, the precise ratio of L and M does not appear to be relevant for color processing, as the high inter-individual variability in opsin ratios seems to have no detectable functional impact, at least in standard color vision tests (Hofer et al., 2005) . However, it could well be that tests with higher sensitivity have to be developed in order to detect subtle differences in color discrimination. Interestingly, the arrangement of human L and M cones appears not to be a completely random process, as clumping of the same type can be observed (Packer et al., 1996; Hofer et al., 2005) . As this deviation from randomness appears to be rather small, it remains to be seen whether this represents a significant difference between fly and human mosaics.
CONCLUDING REMARKS
In this review, we summarized the current knowledge about the developmental mechanisms that underlie opsin expression in the fly, mouse and human retina and highlighted four main similarities: i) binary cellfate decisions distinguish PR classes, ii) gradients of signaling molecules allow regional specializations in the fly and mouse retina, iii) stochastic mechanisms pattern the fly and human retina and iv) permissive factors play key roles in PR differentiation and opsin expression.
It is not clear why color vision involves stochastic opsin expression in randomly organized PR mosaics. A parsimonious explanation could be that this is the simplest way to evolve such a system and that a precisely organized lattice of opsin expression would be either too costly to develop or not possible due to constraints in the regulatory networks. However, this is certainly not the case: Teleost fish, such as tetrachromatic zebrafish, have a nearly crystalline arrangement of four types of PRs organized in stereotyped arrays (Fig. 1B) : Rows of red and green double cone pairs alternate with rows of blue and UV single cones (Allison et al., 2010) . Moreover, tetrachromatic birds have a sophisticated and highly organized mosaic of four single cone types and one double cone (Kram et al., 2010) . Disordered PR arrays are therefore not a prerequisite for color vision. We conclude that in those species where stochastic distributions of PRs are found, such an arrangement is sufficient to meet the evolutionary demands (Ahnelt and Kolb, 2000) placed upon that species.
